In transmission-line models of cochlear mechanics, predictions about otoacoustic-emission delays depend on the place-or wave-fixed nature of the emission generation mechanism. In this work, transient evoked otoacoustic emissions ͑TEOAEs͒, recorded at different stimulus levels in 10 young subjects, were analyzed using wavelet-based time-frequency analysis to determine the latency of each frequency component of the response. The same wave forms were Fourier analyzed to evaluate the phase-gradient delay as a function of frequency. Interpreting the relation between these two characteristic delays using cochlear models shows that most of the TEOAE response can be attributed to place-fixed reflection mechanisms. The causality principle explains observed correlations between fluctuations of the TEOAE amplitude and phase-gradient delay.
I. INTRODUCTION
Otoacoustic emissions ͑OAEs͒ are acoustic signals measurable in the ear canal and generated in the cochea, either spontaneously or as a response to an acoustic stimulus ͑Probst et al., 1991͒. OAEs are a by-product of active, nonlinear amplification mediated by the outer hair cells. This nonlinear amplification gives the hearing system an excellent frequency discrimination capability, a high sensitivity to quiet sounds, dynamic range compression, and a protective saturation mechanism at high intensities.
The OAE classification depends on the evoking technique: Spontaneous OAEs are recorded without any stimulus, transient evoked OAEs ͑TEOAEs͒ are measured using a broadband, short duration, acoustic transient stimulus, while stimulus frequency OAEs ͑SFOAEs͒ are evoked by a pure tone. When the stimulus consists of two tones, with frequencies in a particular ratio ͑usually, f 2 / f 1 Ϸ 1.22͒, distortion product OAEs ͑DPOAE͒ can be recorded at the cubic tone 2f 1 -f 2 ͑apical DPOAEs͒ or 2f 2 -f 1 ͑basal DPOAE͒.
Cochlear models ͑e.g., Furst and Lapid, 1988; Zweig and Shera, 1995; Talmadge et al., 1998; Shera et al., 2005͒ represent the signal propagation along the basilar membrane ͑BM͒ as a traveling wave ͑TW͒. Due to the tonotopicity of the BM each Fourier component of the stimulus propagates until it reaches its tonotopic place, where it produces the maximum transversal deformation of the basilar membrane ͑maximum of the activity pattern͒, then it is, almost totally, locally absorbed. In the above-mentioned models, OAEs are generated near the resonance place and propagate toward the base along the BM as a backward TW. The existence of such backward TWs has recently been questioned by He et al. ͑2007͒ for DPOAEs, on the basis that the phase of the BM vibration at the DPOAE frequency at a basal location leads that measured at a more apical location. Although the quality of their measurements is high, the interpretation of the He et al. data ͑2007͒ is not that straightforward, due to the complexity of the DP generation mechanisms. Thus, in this study we will assume that the OAEs propagate along the BM as backward TWs, keeping in mind the open discussion about this important issue.
Two main mechanisms are usually considered for the OAE generation: Nonlinear distortion and linear reflection ͑Shera and Guinan, 1999͒. Although the cochlea behaves approximately linearly at low excitation levels, the cochlear response nonlinearity generates distortions at higher intensities. When the cochlea is simultaneously excited by two different frequencies, the system nonlinearity generates responses at frequencies that are different from the stimulus frequencies, as in the case of DPOAEs.
Nonlinear distortion occurs in a region about the tonotopic place of the stimulus frequency or, as in the case of the DPOAEs, about a cochlear place that depends only on the frequencies of the stimulus, so, in these cases, a wave-fixed generation mechanism is thought to occur.
Another generation mechanism is associated with the reflection of a fraction of the TW in proximity of the tonotopic place. Models postulate the presence of micromechanical irregularities of the cochlear structure, randomly distributed along the basilar membrane to explain the OAE generation ͑Zweig and Shera, 1995; Talmadge et al., 1998; Shera et al. 2005͒ . These impedance irregularities act as backscattering sources for the forward wave. In this case, the mechanism would be place fixed, because the backscattering sources are localized at fixed positions. As the TW reaches appreciable amplitude only near the resonant place, the position of the OAE source is in any case coincident with the tonotopic region for each stimulus frequency.
Recently a generation mechanism of wave-fixed type was hypothesized, in which the reflection of a fraction of the incoming wave is due to the sharp transversal impedance variation in the maximum activity pattern region ͑Sisto and Moleti, 2005͒. Classical analyses of passive cochlear models ͑de Boer and MacKay, 1980͒, and perturbative analyses based on the osculating parameters formalism applied to the Wentzel-Kramers-Brillouin ͑WKB͒ solution in a onedimensional ͑1D͒ transmission-line model ͑Shera and suggest that any such wave-fixed mechanism will not produce appreciable reflections, due to the resonant absorption in the region where reflections originate. It is not fully clear if these last calculation techniques can be confidently used in the limit of a high quality factor in the resonance region, because there the wave vector rapidly changes and the group velocity inverts itself, violating the conditions required for the validity of the WKB approximation ͑Talmadge et al., 2000͒. Therefore, the discussion remains open and needs experimental support.
In this complex theoretical-phenomenological framework, it is interesting to study the characteristic times of the OAE response. They provide, in fact, important information, not only regarding the signal propagation along the BM, but also regarding the OAE generation mechanisms. In the case of the click evoked TEOAEs ͑click duration Ϸ100 s͒ the stimulus is well localized in the time domain, permitting one to define the latency in the time domain as the interval between the click time and the time of the maximum of the OAE response at a given frequency. For this analysis different time-frequency techniques may be used, such as the short time Fourier transform, the wavelet transform ͑WT͒ ͑e.g., Tognola et al., 1997; Moleti, 2002͒, or matching pursuit algorithms ͑Jedrzejczak et al., 2004͒ . In our theoretical scheme, in which OAEs propagate backwards along the BM, this time delay is necessary for each frequency component of the TW to reach its tonotopic place and travel back to the base of the cochlea. This delay is a function of the mechanical characteristics of the BM, and, particularly, of the frequency selectivity of the active cochlear filter, which introduces a "build-up" time delay that is longer as the quality factor Q increases.
In the case of SFOAEs, evoked by a pure tone ͑continu-ous sinusoidal signal͒ it is possible to associate with each frequency f another characteristic time, the phase-gradient delay, defined as the derivative of the phase with respect to the angular frequency, measured by varying the stimulus frequency in a short interval around f. For DPOAEs, the same technique can be used, but in that case the stimulus is composed by two tones at frequencies f 1 and f 2 , so it is possible to vary only f 1 , only f 2 or both in a constant ratio, defining three different characteristic times associated with DPOAEs.
In the case of TEOAEs, it is possible to measure the phase-gradient delay by analyzing the Fourier transform of the pulse response. It is therefore possible to directly compare the two different characteristic delays obtained by analyzing the same data. Time-frequency analysis of the TEOAE wave forms provides a direct estimate of the physical delay between the transient stimulus and the OAE response. In fact, the square of the wavelet coefficient amplitude at a given time and frequency measures the energy density within the corresponding "tile" in the time-frequency plane, and the time of the maximum of the wavelet coefficient of a given frequency is therefore associated with the physical delay of the OAE response at that frequency, provided that the contributions from noise and linear artifact are sufficiently small. Instead, the characteristic times associated with the phase gradient depend not only on the transmission properties of the BM, but also on the nature of the OAE generation mechanisms. Place-fixed and wave-fixed mechanisms, in fact, produce utterly different predictions about the frequency dependence of the phase of the response. Consequently, the comparison between the phase-gradient delay and the physical delay of a wave packet, measurable in the time domain using a transient stimulus, provides important information about OAE generation mechanisms. As different generation mechanism may have different dependence on the stimulus intensity, it is important to study this phenomenology at different stimulus levels.
In this work, the results of a comparison between the characteristic times of human TEOAEs, obtained by the WT technique and by the evaluation of the phase-gradient delay, are shown. The interpretation of the results in terms of transmission-line cochlear models permits us to test for the presence of different OAE generation mechanisms.
II. METHODS
TEOAE signals were measured in a group of young subjects ͑23-30 years, 6 males and 4 females͒ at different click stimulus levels, ranging from 60 to 90 dB peak sound pressure level ͑dB pSPL͒. The ILO Echoport 292 ͑Otodynamics, Ltd.͒ system was used in the nonlinear acquisition mode. The latency of each OAE component was evaluated by a timefrequency technique based on the wavelet transform, as described in Moleti et al. ͑2005͒ . The wavelet transform is a linear time-frequency tool ͑Mallat, 1989͒, in which the wave form s͑t͒ is decomposed into a linear superposition of wavelets:
͑1͒
All these wavelets are scaled and time-shifted copies of a "mother" wavelet h 0 ͑t͒, an oscillating function with zero mean:
͑2͒
In this study, we have used the mother wavelet ͑Tognola et al., 1997͒:
with t in milliseconds. Different choices of the mother wavelet do not significantly modify the results of the TEOAE time-frequency analysis, and it has also been demonstrated that even different time-frequency analysis methods give very similar latency estimates ͑Jedrzejczak et al., 2004͒. Each wavelet is localized both in time, by the parameter , and in frequency, by the value of its scale parameter ␣. In the case of Eq. ͑3͒:
As is apparent from Eq. ͑2͒, ␣ is directly proportional to the time duration of the wavelet, and inversely proportional to its central frequency. Therefore the central frequency and the bandwidth of each wavelet are proportional to each other. At fixed ␣, the wavelet coefficient WT͑␣ , ͒ is a function of time that represents the time evolution of the signal amplitude within the corresponding frequency band. The continuous wavelet transform was integrated over ten 500 Hz bandwidths, centered at frequencies f i from 0.5 to 5 kHz. The wavelet latency in the ith frequency band, W ͑f i ͒, is defined as the time when the band-averaged wavelet coefficient reaches its maximum absolute value. This time is that associated with the return time of the most intense energy pulse within the ith frequency band.
The phase gradient delay was evaluated by differentiating the FT phase of the evoked response. Due to the limited acquisition time ͑20 ms͒, this operation provides an estimate mod͑20 ms͒ of the phase gradient delay, i.e., with a possible shift of ±20 ms. This ambiguity was arbitrarily removed by translating the obtained delays in a 20 ms range. As shown in Fig. 1 , for each 500 Hz band a different range was chosen, using as a reference a typical power law fit to the experimental TEOAE latency ͑e.g., Sisto and Moleti, 2002͒ . Of course, this choice is arbitrary, and, in Sec. IV, it will be discussed if it could be partly responsible for the agreement between phase-gradient delays and wavelet latencies. On the other hand, any other choice is equally arbitrary, and this one seemed to have at least an empirical justification based on previous knowledge.
III. THEORETICAL MODELS
Sisto and Moleti ͑2005͒ suggested that the rapid variation of the BM impedance experienced by each frequency component of the TW as it approaches its cochlear place can produce significant wave-fixed reflection, and thereby contribute to the generation of OAEs. The reflection mechanism due to rapid variation of the wave number is the analogue of the well-known reflection of a quantum particle from a potential well ͑Sisto and Moleti, 2005͒, which has a simple heuristic interpretation, being associated with the fact that a wave packet is partially reflected when it approaches a region in which the potential varies abruptly within a distance on the order of a wavelength.
Unfortunately, the osculating parameters method applied to the WKB solution of a 1D transmission line model ͑Shera and Zweig, 1991͒ suggests that the wave-fixed reflection due to this variation in BM impedance is negligible. This prediction can be obtained perturbatively: The local difference between the full equation and the equation exactly solved by the WKB solution becomes a source of wave reflection, which is distributed along the BM. The linearized equations in the frequency domain for a 1D transmission line with constant series impedance ͑box model͒ can be written:
where is the angular OAE frequency, k is the wave vector, P d is the differential pressure applied to the BM, and x is the longitudinal coordinate measured on the BM from the base. The use of this frequency domain representation is justified by the experimental observation that the TEOAE and SFOAE responses are quite similar to each other ͑Kalluri and Shera, 2007͒, suggesting that, even if the response at each frequency is definitely a nonlinear function of the stimulus, it may be approximately considered independent from the cochlear excitation at frequencies outside the critical bandwidth. The resonance frequency is related to the cochlear position x along the BM by the Greenwood map ͑Greenwood, 1990͒:
FIG. 1. The mod͑20 ms͒ ambiguity in the evaluation of the phase-gradient delay has been arbitrary solved by choosing a frequency-dependent acceptance window, limited by the two thick lines. The limits of the window have been chosen using as a reference the typical power law fit function ͑e.g., Sisto and Moleti, 2002͒ to the wavelet TEOAE latency ͑thin line͒.
where max = ͑2͒20 655 rad/ s, 1 = ͑2͒145 rad/ s, and k = 1.382 cm −1 . The wave vector is tonotopically resonant and it may also include delayed-stiffness terms ͑Zweig 1991; Talmadge et al., 1998͒ :
The numerical values of the time-delayed stiffness parameters can be found in Talmadge et al. ͑1998͒. These slow and fast time-delayed stiffness terms effectively act as additional damping and antidamping terms, and they are very important for predicting the correct BM transfer function amplitude and phase, as well as a tall and broad activity pattern extending to a region basal to the resonant place. This is not a main point in this study, whose results apply to a generic transmission line cochlear model, assuming transmission of forward and backward waves along the BM and a tonotopically resonant cochlear response. For a tonotopically resonant 1D transmission line cochlear model, the roundtrip delay of a particular Fourier component of the OAE response to a pulse stimulus is given by ͑Sisto and Moleti, 2002͒:
This is the physical delay associated with the roundtrip path of a traveling wave packet centered at frequency f = /2, propagating along the BM at its local group velocity, from the base to its resonance place and back. In this study the assumption is made that the wavelet latency W ͑f͒ defined in the previous section is a direct measure of this physical delay ͓ W ͑f͒ = rt ͑f͔͒, because W ͑f͒ measures the time interval between the click stimulus and the arrival of the most intense OAE wave packet at frequency f.
In the WKB approximation, the solution has the form of a superposition of basis functions, which are progressive and regressive waves. The WKB solution is the exact solution of the equation ͑Shera and Zweig, 1991͒:
If the function is sufficiently small, the perturbative regime holds and the basis functions are good approximate solutions of Eq. ͑5͒. The exact solution can be developed on the basis of the WKB functions:
where P + represents a wave that is traveling forward to the apex, whereas P − is a wave traveling back to the base. The coefficients of the basis functions, called osculating parameters, can be interpreted as amplitudes for the forward and backward traveling waves. The amplitude of the backward traveling wave generated by the partial reflection of a forward traveling wave of unitary amplitude ͑reflection coefficient͒ is
where + can be defined as a perturbative potential, which is a local source of reflection, given by
The function ␥ is the inverse of the Wronskian determinant of the system of second-order differential equations ͑10͒. The Wronskian is the determinant of a matrix whose first line contains the basis functions and whose second line contains their first derivatives, and it is therefore dependent on the choice of the basis functions. Using the basis functions of the type:
which are usually those defined as WKB basis functions, yields the following equations:
By studying the behavior of the integral along the BM given by Eq. ͑12͒, which is a perturbative estimate of the cochlear reflection, it can be seen that the integral, after having reached a significant amplitude at a cochlear position close to the tonotopic place, falls nearly exactly to zero at the tonotopic place, independent of the quality factor of the resonance itself. In the case of high quality factor resonances, it is not clear if this perturbative technique can be fully trusted in the resonance region, where the WKB approximation becomes inadequate due to the rapid variation of the wave vector and the inversion of the group velocity. Therefore, it is difficult to exclude that a small but measurable contribution to cochlear reflectivity, and so to OAEs generation, could come from a mechanism of the type proposed by Sisto and Moleti ͑2005͒. This mechanism would be intrinsically wave fixed, because it would be localized to the resonant place position, which varies with the frequency of the considered stimulus component. In the perturbative WKB calculation, the phase of the OAE response is equal to the phase of − evaluated at x =0. Due to the resonant shape of the potential + , the integral of Eq. ͑12͒ is dominated by the contribution from the resonance place. Therefore, its phase is given, approximately, by
an expression that ignores small contributions from the external factor, k −1/2 , and any "random" contributions from the perturbative potential, + .
If the OAE generation mechanism is place fixed, the mean phase-gradient delay at angular frequency ͑i.e., the nonrandom component of the delay͒ is given by.
whereas, if the OAEs generation mechanism were wavefixed, the approximated equation would be valid:
where the Greenwood map ͓Eq. ͑5͔͒ has been used in a simplified form, neglecting the constant term 1 , and where we explicitly reminded that the phase-gradient delay is operatively defined as the total derivative of the phase with respect to the frequency and so, in the case of the wave-fixed generation model, also the variation of the upper limit of the integration path has to be considered. Although the last term in Eq. ͑18͒ is model dependent, it is typically of the same order of rt . In scale-invariant cochlear models, the wavefixed prediction is that the phase-gradient delay will be approximately zero. If the scale-invariance symmetry is broken, as happens in the real cochlea, the wave-fixed phasegradient delay predicted by Eq. ͑18͒ can be either positive or negative but in either case it is typically much smaller than rt . Using, for example, a very simple linearized cochlear model ͑Sisto and Moleti, 2007͒, we get the prediction:
where ␤ is a model-dependent dimensional constant of order unity, the quality factor Q is an effective one, including the effect of the delayed stiffness terms. In Fig. 2 the two functions are plotted, for a scale-invariant case, with Q = 10. More accurate models would give different quantitative results, but the main point is that wave-fixed OAE generation implies much shorter phase-gradient delays. Figure 3 shows the phase-gradient delays ͑circles͒ and wavelet delays ͑squares͒ versus frequency, in the case of the ear AM-R, for two stimulus levels, 60 ͑top͒ and 90 dB pSPL ͑bottom͒. At lower stimulus levels the signal-to-noise ratio ͑SNR͒ is lower, and, consequently, the phase and its gradient show a more irregular behavior. In general, the overall correspondence between the two delays is quite evident, even at the lowest stimulus levels. At high stimulus levels the SNR is higher, and the noise-induced fluctuations of the phasegradient delay are much smaller. We note that there are still a few points for which the phase-gradient delay is around zero. These points typically correspond to frequencies at which the TEOAE amplitude ͑dashed line͒ is very low, as it is evident from the bottom panel of Fig. 3 .
IV. RESULTS AND DISCUSSION
The correlation between the two different latency measurements, on the whole set of ears and range of stimulus levels, is shown in Fig. 4 for a frequency of 1.5 kHz. The wide range of latencies is due to the variation of the stimulus level ͑Sisto and Moleti, 2007͒. The correlation is generally good, except for a subset of data for which the phasegradient delay is significantly shorter than the wavelet latency. A warning should be given here, because this asymmetry could partly be dependent on the choice of the phasegradient latency "window" shown in Fig. 1 . These data could be interpreted as coming from cochlear regions where some wave-fixed mechanism ͑e.g., reflection and/or distortion͒ is dominant. However, different explanations are also possible: phase-gradient delays close to zero can arise due to fluctuations in TEOAE amplitude, as discussed later, and/or due to errors caused by low SNR. In any case, the interpretation of the results shown above suggests that the main contribution to the TEOAE signal comes from place-fixed mechanisms, as predicted by the coherent-reflection ͑CRF͒ theory ͑Shera et Talmadge et al., 1998͒ , but it does not exclude the presence of a small wave-fixed contribution, whose nature deserves further investigation.
It is possible to observe correlated spectral fluctuations of phase-gradient delay and TEOAE amplitude in the single TEOAE response. In some cases, these correlated fluctuations are quite evident ͑Fig. 5, top panel͒ in the frequency bands characterized by both high SNR and strong TEOAE level fluctuations. If the SNR is low, large fluctuations of pg due to noise may completely mask this effect. Selecting only the frequency bands with SNR higher than a given threshold level, is it possible to give a different graphical representation of this correlation for each ear by plotting the fluctuation of pg with respect to the band wavelet delay W , against the corresponding fluctuation of the TEOAE amplitude with respect to its mean amplitude value in the corresponding frequency band. This is shown, for four ears, in the bottom panels of Fig. 5 , for SNRϾ 3. In some cases, the correlation is significant. Similar correlations between OAE amplitude and group-delay features were observed in chinchilla SFOAEs by Siegel et al. ͑2005͒ . Correlated fluctuations between TEOAE magnitude and phase-gradient delay are expected because of constraints imposed by causality ͑i.e., by the physical fact that TEOAEs cannot occur before their evoking stimulus͒.
If p oae ͑t͒ is the TEOAE pressure evoked by an acoustic impulse applied at t = 0, then causality requires that p oae ͑t Ͻ 0͒ = 0. In the frequency domain, causality requires that the real and imaginary parts of P oae ͑͒, the TEOAE spectrum, be Hilbert transforms of one another ͑e.g., Bode, 1945͒ . To see how correlated fluctuations in TEOAE magnitude and delay can arise, we consider an idealized model for the TEOAE spectrum.
Since causal functions can be written as the product of an all-pass and a minimum-phase component ͑Papoulis, 1962͒, we let:
where P mp ͑͒ is minimum-phase and the pure delay e −i is the all-pass component. We know empirically that TEOAE magnitudes fluctuate up and down with frequency. ͑Accord-ing to the coherent reflection model, magnitude fluctuations reflect the spatial irregularity of the perturbations that "scatter" the forward-traveling wave. Magnitude fluctuations can also arise due to interference between place-and wave-fixed components.͒ To explore how TEOAE magnitude fluctuations affect the phase-gradient delay, we model variations in ͉P mp ͉͑͒ using a simple sinusoidal ripple. In other words, we take
where P 0 is the mean emission magnitude and the parameters r and r determine the amplitude and spectral period of the ripple. The phase of P mp ͑͒ is then determined by the requirement that P mp ͑͒ be minimum-phase ͑i.e., that the real and imaginary parts of log P mp ͑͒ be Hilbert transforms of one another͒. When the ripples are small ͑r Ӷ 1͒ this yield a total TEOAE of the form P oae ͑͒ = P 0 ͑1 + r cos͑ r ͒͒e −i͑+r sin͑ r ͒͒ . ͑23͒
Computing the log-magnitude and phase-gradient delay of P oae ͑͒ yields log͉P oae ͉͑͒ Ϸ log P 0 + r cos͑ r ͒, ͑24͒
and pg ͑͒ Ϸ + r r cos͑ r ͒. ͑25͒
Note that the ripples in the phase-gradient delay have the same frequency dependence and phase as the ripples in the magnitude. Thus, when the TEOAE magnitude is at a minimum, the phase-gradient delay will also be minimum. If the magnitude fluctuations are large or rapid enough ͑i.e., r r Ͼ ͒ it is possible to have phase-gradient delays close to or even less than zero. These correlations are independent of how the TEOAEs are generated; they result simply from the constraints imposed by causality. Although our simple "ripple model" for TEOAE magnitude fluctuations provides only an extremely idealized representation of actual TEOAEs, it does predict correlations seen in the data. FIG. 4 . Correlation between phase-gradient delay and wavelet latency ͑ob-tained by the WT technique͒ in all the subjects, at 1.5 kHz, with stimulus varying from 60 to 90 dB pSPL. The phase-gradient delay has been averaged over three spectral points centered at 1.5 kHz to reduce the size of the fluctuations due to noise.
V. CONCLUSIONS
The results of this study generally support place-fixed generation models of OAEs, showing agreement between the TEOAEs latency estimates based on phase-gradient measurement and those obtained by applying a wavelet algorithm. The data may also contain small contributions from OAEs with phase-gradient delays much shorter than the wavelet latency, perhaps as a result of some wave-fixed generation mechanism. Further study is needed to establish whether these secondary components originate via partial reflection of each stimulus frequency component near its tonotopic place. Correlated spectral fluctuations of phase-gradient delay and TEOAE amplitude have been observed in single TEOAE responses, as predicted by basic causality requirements.
